We collected human brain specimens from 10 neurosurgical resections and 50 autopsied brains, ranging in age from birth to 84 years ([Supp. Fig. 1; Supp. Table 1](#SD2){ref-type="supplementary-material"}), using a protocol that allows subsequent analysis by fluorescent immunohistochemistry and *in situ* hybridization (see Methods). As shown ([Fig. 1](#F1){ref-type="fig"}), staining of horizontal sections (30 µm) through the anterior horn of the lateral ventricle demonstrates that, in the first 6 months of life, the structure of the human SVZ in infants differs considerably from that observed in adults. The astrocytic ribbon and gap layer are not evident ([Fig. 1](#F1){ref-type="fig"}) and, as seen in the fetal human brain^[@R10],[@R11]^, cells with elongated radial glial processes line the lateral ventricular wall that express vimentin and glial fibrillary acidic protein (GFAP)^[@R11]^. Adjacent to these radial glia, we observed a dense network of elongated unipolar and bipolar cells oriented tangentially to the ventricular lining. Many of these cells expressed the immature neuronal markers doublecortin (DCX) ([Fig. 1](#F1){ref-type="fig"}) and beta-III tubulin (TuJ1). Some putative immature neurons also expressed polysialylated neural cell adhesion molecule (PSA-NCAM), which is present in migratory cells. They also had ultrastructural features of immature migrating neurons ([Supp. Fig. 2](#SD2){ref-type="supplementary-material"}) similar to neuroblasts described in rodent SVZ^[@R12]^. Progressively, between 6 to 18 months of age, the SVZ is depleted of this dense network of putative migratory neurons and adopts the characteristic adult structure with an astrocyte ribbon and hypocellular gap layer. The emergence of the gap layer coincides with the decline in DCX(+) immature neurons (25-fold during the first 6 months; *n*=16, ages 0--17 years; [Fig. 1](#F1){ref-type="fig"}), and proliferation, suggesting that human SVZ neurogenesis decreases drastically during the first 6 months of life. Only a small number of proliferating cells were present in adolescents and adults. Expression of the proliferation marker Ki67 was not associated with pyknotic nuclei, although we cannot exclude that some Ki67(+) nuclei correspond to apoptotic cells induced by ischemia^[@R13]^. We also identified a subpopulation of epidermal growth factor receptor (EGFR)-positive cells, a marker associated with early progenitors including neural stem cells^[@R14]^ and transit-amplifying cells in mice^[@R15]^, which similarly diminished with time ([Supp. Fig. 3](#SD2){ref-type="supplementary-material"}). A subset of EGFR(+) cells expressed Ki67, while others co-localized with DCX or PSA-NCAM, potentially representing transitional stages from transit-amplifying cells to immature neurons. Whole-mount, *en face*, preparations of the SVZ also confirmed massive numbers of tangentially-oriented DCX(+) chains within the gap layer at 1 week and 2 months of life. In stark contrast, cells with the morphology and marker expression of immature migratory neurons were extremely rare in adults ([Supp. Fig. 4](#SD2){ref-type="supplementary-material"}).

Our results suggest that robust streams of tangentially migrating immature neurons initially populate the postnatal human gap layer; these pathways become depleted between 6--18 months and this region transitions into a hypocellular gap. Previous work has also demonstrated a similarly sharp decline in the human SVZ's EGFR and PSA-NCAM immunoreactivity during the first year of life^[@R17]^. Within the SVZ, the decline of migratory immature neurons appears first along the posterior third of the lateral ventricle and then progresses in a posterior-to-anterior trajectory towards the ventral tip (data not shown). After 18 months, Ki67(+) proliferative activity and the number of DCX(+) immature neurons assume trace levels seen in adults, leaving behind the gap layer characteristic of the adult human SVZ^[@R7]^.

We next investigated whether proliferation and the presence of putatively migrating, immature neurons in the SVZ were associated with an active RMS. Using autopsied material (*n=6*) (ages 1 day; 1 week; 1, 3, and 6 months), serial sagittal and coronal reconstruction of the ventral forebrain revealed an uninterrupted column of cells that connected the ventral tip of the SVZ to the olfactory peduncle ([Fig. 2](#F2){ref-type="fig"}). The descending/proximal limb of the pediatric RMS contained cells organized as chains -- large collections of elongated immature neurons expressing DCX and surrounded by glial cells and processes^[@R1],[@R4],[@R18],[@R19]^ ([Fig. 2](#F2){ref-type="fig"}) -- or as broad streams of individual cells. A subpopulation of these DCX(+) cells expressed PSA-NCAM. Conversely, analysis of tissue from older children (*n*=7; 2, 3, 7, 16, 17 years) failed to reveal chains of migrating cells or evidence of an active RMS. However, individual or pairs of elongated DCX(+)PSA-NCAM(+) putative migratory neurons were occasionally noted in late childhood specimens (*n*=2; 3 and 7 years) adults (*n*=5, ages 30, 41, 61, 74, 84 years). These observations indicate that, while the infant brain contains a robust RMS with massive chain migration, such activity is reduced dramatically in older children and adults^[@R7]^. Although, our data do not rule out that rare immature neurons may sporadically migrate within the SVZ and RMS at later stages^[@R7],[@R9]^, these findings do not support the previous finding of robust proliferation and abundant migration within the adult human SVZ^[@R8]^.

The distal limb of the RMS delivers SVZ neuronal progeny to the human olfactory peduncle, and then to the olfactory tract (OT) and OB. Serial cross-sections of the OT (*n*=6; 1 day; 1 week; 5, 6, and 8 months) revealed clusters of DCX(+)PSA-NCAM(+) immature neurons within the V-shaped central core ([Fig. 3](#F3){ref-type="fig"}). Electron microscopy analysis of the 6-month OT (*n*=3) confirmed ultrastructural features of migrating immature neurons within the core. Cross-sections of the proximal OT core (5mm anterior to the olfactory peduncle) at 8 months contained 234 ± 26 total cells and 173 ± 24 DCX(+) cells per section, respectively, while the distal OT core (5mm posterior to the OB) contained 216 ± 20 total cells and 115 ± 14 DCX(+) cells. In contrast, DCX(+) neurons were not detected in older OT specimens (*n*=3; 18 months, 7 and 13 years) ([Fig. 3](#F3){ref-type="fig"}). These data further support that an active RMS exists in early childhood, but is greatly reduced after 18 months of age.

Although it has been suggested that an open olfactory ventricle persists into adult life^[@R8]^, we found no evidence of a ventricular extension in the OT at any of the ages studied, consistent with previous data indicating that the olfactory ventricle fuses before birth^[@R7],[@R9],[@R20]^. Along the proximal limb of the RMS, we observed ependymal islets, but no evidence of a continuous open ventricle. These displaced and discontinuous islets were lined by multiciliated cuboidal cells expressing the ciliary marker acetylated-tubulin ([Supp. Fig. 5](#SD2){ref-type="supplementary-material"}). In all studied specimens (*n*=23), the anterior horn of the lateral ventricle was open, but no continuous, ependymal-lined lumen extending into the RMS or OT was observed. Thus, we infer that the human OT serves as a conduit for neuronal chain-migration to the OB, but these chains of migratory cells are only evident in infants and occur in the absence of a ventricular extension.

In tracing the ependymal islets of the pediatric human RMS with serial coronal reconstructions (*n* = 3), we noted a decrease in caliber of the RMS from the proximal to distal limb ([Fig. 4](#F4){ref-type="fig"}). Based on quantification of DAPI nuclear staining, the proximal limb of the RMS contained 548 ± 66 total cells/cross-section and 485 ± 58 DCX(+) immature neurons/cross-section. In the distal limb, however, there were 228 ± 24 total cells/cross-section and 189 ± 17 DCX(+) immature neurons/cross-section, equating to a 58% decline in total cells and a 61% decline in immature neurons. The decreasing caliber of the RMS could be due to cell death, increased migratory speed, or immature migratory neurons taking alternative paths. Terminal deoxynucleotidyl transferase dUTP nick end labeled (TUNEL)-positive cells were present in the proximal and distal RMS, raising the possibility that apoptosis could contribute to this decline. However, serial coronal reconstruction of the frontal lobe also unexpectedly revealed an additional migratory stream of DCX(+) cells branching off the proximal limb of the RMS and ending in the ventro-medial pre-frontal cortex (VMPFC) ([Fig. 4](#F4){ref-type="fig"}). This medial migratory stream (MMS) was observed in human specimens ages 4--6 months but not 8--18 months. Similar to the RMS, the MMS contains large clusters of DCX(+) and PSA-NCAM(+) cells with elongated morphologies, some adjacent to discontinuous ependymal islets ([Supp. Fig. 5](#SD2){ref-type="supplementary-material"}). Early timepoints (\<1 month) also revealed a more diffuse pattern of medially-oriented migratory neurons emanating from the proximal limb of the primary RMS ([Supp. Fig. 6](#SD2){ref-type="supplementary-material"}). Interestingly, cells expressing DCX, PSA-NCAM, and the interneuron markers Calretinin (CalR) and Tyrosine Hydroxylase (TH), were observed not only within this MMS, but also within a restricted subregion of the VMPFC ([Fig. 4](#F4){ref-type="fig"}). In contrast, very few DCX(+), PSA-NCAM(+), CalR(+), and TH(+) cells were evident in adjacent areas of prefrontal cortex. Although it remains possible that alterations in immunoreactivity allow progeny to escape into adjacent regions undetected, these observations suggest that the MMS diverts immature SVZ neurons to target the VMPFC.

A comparable MMS has not been reported in other vertebrates. We analyzed serial sections of mouse brains at P4, P8, P16 and P20 and did not detect a MMS ([Supp. Fig. 7](#SD2){ref-type="supplementary-material"}). However, some individual DCX positive cells were observed migrating ventrally and laterally in juvenile brain studied that might target homologous brain regions. In rodents and non-human primates, migratory neurons can also escape the SVZ along a sagittal plane to reach the Islands of Calleja^[@R21],[@R22]^.

Our study indicates that the region of the SVZ around the anterior lateral ventricles in the infant human brain is highly active, producing many tangentially-migrating immature neurons. Based on the presence of an RMS containing chains of immature neurons, we infer that at least some of these progeny are destined for the OB. Beyond 18 months of age, both proliferative activity and cells expressing markers of immature neurons are largely depleted, coinciding with the appearance of a hypocellular gap in the postnatal human SVZ. Thus, this layer of the SVZ initially serves as a thoroughfare for immature neurons. Surprisingly, pediatric human SVZ neurogenesis also appears to serve regions other than the OB, as evidenced by medially-escaping immature neurons near the RMS. These groups of cells form a unique MMS targeting a subregion of the human prefrontal cortex.

Previous work has suggested that postnatal neurogenesis may be important for learning and memory^[@R23],[@R24]^ and that induction of plasticity may be closely linked to the timing of neuronal maturation^[@R25]--[@R27]^. We speculate that the MMS, and other potential escape pathways from the SVZ, could supply interneurons to regions of the developing human brain as a mechanism of delayed postnatal plasticity. While the function of this recipient cortical domain, the VMPFC, is unknown in children, this region in the adult human brain is activated during specific cognitive tasks^[@R28],[@R29]^, including spatial conceptualization and the emotional processing of visual cues. Interestingly, the VMPFC is also focally inactivated in patients with advanced Alzheimer's disease^[@R30]^. Beyond its functional implications, this developmental study of the human SVZ suggests a major period of neurogenesis and neuronal migration that extends well into postnatal life, but is largely limited to early childhood. This may hold important implications for our understanding of neonatal neurological diseases, including germinal matrix hemorrhages and perinatal hypoxic-ischemic injuries, each potentially altering SVZ neurogenesis and its apparent downstream cortical targets at formative stages of human development. Perhaps most importantly, the detection of a new migratory route for immature neurons within the infant human brain also highlights mechanisms through which increased regional complexity may be achieved during brain evolution.

Methods Summary {#S1}
===============

Human Specimens {#S2}
---------------

Neurosurgical excisions of normal SVZ occurred as part of the planned margin of resection surrounding a periventricular lesion ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}). Intraoperative specimens were histologically normal with no evidence of dysplasia, and assessments were independently confirmed by an independent neuropathologist. For pathological specimens, autopsied brains were cut coronally at the mammillary bodies and immersed in 4% paraformaldehyde (PFA) for 1--2 weeks, and then stored in 0.1M PBS.

Rodent Specimens {#S3}
----------------

Postnatal mice at the specified ages were transcardially perfused with 0.9% saline and 4% PFA, and dissected brains were postfixed for 30 minutes in 4% PFA before vibratome sectioning. 100 micron floating sections were stained and imaged using the tile scanning and 3D projection modules on a Leica SP5 confocal microscope.

Immunohistochemistry {#S4}
--------------------

Tissue sections were incubated with primary antibodies diluted overnight at 4°C. Sections were then incubated for 2.5hrs in secondary antibodies and then incubated in streptavidin-horseradish peroxidase for 30'. Antigen retrieval with Proteinase K (10 ug/mL), or 0.01M Citrate buffer at 95°C was employed when necessary.

Whole-Mount Dissection {#S5}
----------------------

Specimens were fixed in 4% PFA for 3 days, then rinsed in 0.1M PBS. The anterior horn of the lateral ventricles is excised (3 mm squares) and rinsed. Tissue specimens were incubated in primary antibodies diluted in blocking solution for 2 nights. This step is repeated for secondary antibodies incubation. The ventricular face of tissue specimens is microdissected and collected at 200--300 µm thickness and mounted.

Electron Microscopy {#S6}
-------------------

Specimens fixed in 2% glutaraldehyde and 2% paraformaldehyde were cut into 200-mm sections on a vibratome. Sections were post-fixed in 2% osmium, rinsed, dehydrated and embedded in Araldite (Durcupan, Fluka). To identify individual cell types, ultrathin (0.05-mm) sections were cut with a diamond knife, stained with lead citrate and examined under a Jeol 100CX electron microscope.

Methods {#S7}
=======

Human Specimens {#S8}
---------------

Neurosurgical excisions of normal SVZ occurred as part of the planned margin of resection surrounding a periventricular lesion ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}). We recorded the anatomical origin of each intraoperative specimen with intraoperative neuronavigation. Intraoperative specimens were histologically normal with no evidence of dysplasia, and assessments were independently confirmed by an independent neuropathologist.

For pathological specimens, autopsied brains were cut coronally at the level of the mammillary bodies and immersed in 4% paraformaldehyde (PFA) for 1--2 weeks, and then stored in 0.1M PBS. The brains are then cut into 1 cm plates along the coronal, axial, or sagittal plane. The anterior horn of the lateral ventricle and the ventral medial aspect, which includes gyrus rectus and olfactory tract, of the frontal cortex are excised. Autopsy specimens were obtained within 12 h of death from all individuals. All causes of death were non-neurological in origin and all patients had no evidence of intracranial disease. All specimens were collected with informed consent and in accordance with the University of California San Francisco Committee on Human Research (IRB\# H11170-19113).

Rodent Specimens {#S9}
----------------

Postnatal mice at the specified ages were transcardially perfused with 0.9% saline and 4% PFA, and dissected brains were postfixed for 30 minutes in 4% PFA before vibratome sectioning. 100 micron floating sections were stained with rabbit anti-doublecortin (Cell Signaling), mouse anti-PSA-NCAM (Millipore), and DAPI (Sigma), mounted on Superfrost Plus slides, and imaged using the tile scanning and 3D projection modules on a Leica SP5 confocal microscope. Composite images were assembled from individual 10X fields using Adobe Photoshop. All experiments were approved by the UCSF Institutional Animal Care and Use Committee (Approval \#AN077716).

Immunohistochemistry {#S10}
--------------------

All fixed specimens were rinsed in 0.1M PBS and then cut on a vibratome (50 µm), or cryoprotected in 30% sucrose and then cut on a cryostat (30 µm). Tissue sections were incubated with primary antibodies diluted in TNB blocking solution (0.1M Tris-HCl, pH 7.5, 0.15M NaCl, 0.5% blocking reagent from PerkinElmer) overnight at 4°C. Sections were then incubated for 2.5hrs in secondary antibodies diluted in TNB. Sections were then incubated in streptavidin-horse radish peroxidase for 30' in TNB, which catalyzes subsequent fluorescent conversion of tyramide substrates (all from PerkinElmer). Antigen retrieval with Proteinase K (10 ug/mL), or 0.01M Citrate buffer at 95°C was employed when necessary.

The following antibodies were used in this study: GFAP (Chemicon), Vimentin (Sigma), Doublecortin (Chemicon), TuJ1 (Covance), PSA-NCAM (Genbiosys), Ki67 (DAKO), Calretinin (Chemicon), Calbindin (Chemicon), Tyrosine Hydroxylase (Chemicon), and EGFR (Upstate Biotechnology).

Whole-Mount Dissection {#S11}
----------------------

Specimens were fixed in 4% PFA for 3 days, then rinsed in 0.1M PBS. The anterior horn of the lateral ventricles is excised (3 mm squares) and rinsed in 0.1% PBS-Triton X-100. Tissue specimens were incubated in primary antibodies diluted in blocking solution (10% normal goat serum, 2% TritonX-100, 0.1M PBS) for 2 nights. This step is repeated for secondary antibodies incubation. DAPI was used (1:500) for counterstaining, and Aqua Polymount (Polysciences) for mounting. The ventricular face of tissue specimens is microdissected and collected at 200--300 µm thickness and mounted.

In Situ Hybridization {#S12}
---------------------

Probes specific to human GFAP, doublecortin, and EGFR were generated by amplifying fragments from commercially available cDNA clones (Open Biosystems) or reverse-transcribed cDNA from human fetal brain total RNA (Clontech). Primer sequences for amplifying GFAP (Allen human Brain Atlas primer ID398603) and doublecortin (primer ID399287) were obtained from Allen Institute for Brain Science (<http://www.brain-map.org/>). Forward primer 5'-AGCTCTTCGGGGAGCAGCGA-3' and reverse primer 5'-TGCACGTGGCTTCGTCTCGG-3' were used for EGFR. Amplified fragments were subcloned into pCRII (Invitrogen) and RNA probes were made subsequently using DIG RNA labeling (Roche). Sections were cut at 14 µm, mounted on Superfrost Plus slides. The sections were pre-hybridized for 2 hours and hybridized with probes at 1:100 to 1:200 dilutions at 55°C overnight. After hybridization, slides were washed and incubated with anti-DIG antibody, and developed by BM purple substrate for 24 to 48 hours. Slides hybridization with GFAP and doublecortin RNA probes were subsequently immunostained with GFAP and doublecortin antibodies as previously described.

Electron Microscopy {#S13}
-------------------

Specimens fixed in 2% glutaraldehyde and 2% paraformaldehyde were cut into 200-mm sections on a vibratome. Sections were post-fixed in 2% osmium, rinsed, dehydrated and embedded in Araldite (Durcupan, Fluka). To study SVZ architecture, we cut serial 1-mm semithin sections and stained them with 1% toluidine blue. To identify individual cell types, ultrathin (0.05-mm) sections were cut with a diamond knife, stained with lead citrate and examined under a Jeol 100CX electron microscope.
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![Cytoarchitectural development of the human SVZ during the first 18 months of life\
(a, b) Illustrations localizing the horizontal 30µm sections of the anterior ventral SVZ labeled with nuclear marker DAPI (c, f, i, l, o), the immature migrating neuronal marker Doublecortin (DCX) (d, g, j, m, p) and the immature glial marker Vimentin (e, h, k, n, q). F=frontal lobe, T=temporal lobe, LV=lateral ventricle, RMS=rostral migratory stream, OB=olfactory bulb. Large numbers of DCX(+) immature migrating neurons populate the region that develops into the human gap layer (yellow dotted lines). In the first few months of life, radial glia-like Vimentin(+) cells are seen to populate the ventricular lining (e, h), and at 12 months onward, a dense network of Vimentin(+) processes fill the gap area (n, q). DCX and DAPI are co-labeled in the same section (first and second columns), while Vimentin staining is from adjacent sections (third column). (r) DCX(+) immature neurons within the anterior ventral SVZ were quantified in ten 20x fields per section, ten sections per specimen, and 1--3 specimens per timepoint. Each data point represents the mean +/− SD of a single specimen at the designated age (w = week, m = month, y = year). Inset demonstrates the field of quantification (yellow box) for each of the 10 horizontal sections per specimen. (s) Proliferating Ki67(+) subependymal cells were similarly quantified along the anterior ventral human SVZ. Taken together, these data demonstrate, during the first 18 months of life, a sharp decline in proliferating cells and immature migrating neurons coinciding with emergence of the human SVZ gap layer. Scale bars = 30µm.](nihms318905f1){#F1}

![The infant human rostral migratory stream connects the subventricular zone to the olfactory peduncle\
Reconstruction of serial sagittal sections of a hematoxylin-stained RMS from inferior lateral ventricle (V) to olfactory peduncle (OP) of an infant specimen (5 months of age). The subventricular source of the proximal RMS shows multiple tributaries of cells (yellow arrows) that appear to coalesce forming the descending (proximal) limb of the RMS. There is no evidence of a continuous ventricular system, but isolated ependymal islets (yellow arrowheads) are observed along the RMS. The distal limb of the RMS moves laterally, out of the sagittal plane of sectioning, as indicated by the yellow section frames. (a, b) Illustrations indicating the anatomic site, plane, and orientation of tissue sectioning, as described above. F=frontal lobe, T=temporal lobe, LV=lateral ventricle, RMS=rostral migratory stream, OB=olfactory bulb. (c) The yellow rectangle indicated along the proximal limb of the RMS demonstrates clusters of DCX(+)PSA-NCAM(+) immature neurons at higher magnification. (d) Individual DCX(+) neuronal chains, seen here in the ventral tip of the anterior horn of a 1-week specimen, are typically embedded in a matrix of GFAP(+) glial processes and often migrate along blood vessels (see [Supp. Fig 4d](#SD2){ref-type="supplementary-material"}). (e) Ultrastructural analysis of a neuronal chain cross-section identifies immature neurons (type A cells, labeled 'a') surrounded by glia (type B cells, labeled 'b'). Scale bars = 500mm (reconstruction), 50µm (c), and 10µm (d).](nihms318905f2){#F2}

![Postnatal development and decline of the RMS in the human olfactory tract (OT)\
(a) Illustration localizes the anatomical sites for cross-sectional reconstructions of the proximal human OT at (c, i) 1 day, (d, j) 8 months, and (f, k) 7 years. LV=lateral ventricle, RMS=rostral migratory stream, OB=olfactory bulb. High-magnification fields (i, j, k) demonstrate progressive loss of DCX(+)PSA-NCAM(+) immature neurons in the OT. An active RMS is evident at birth and 8 months of age, with many DCX(+)PSA-NCAM(+) cells. By 7 years, however, chains of migrating cells are not observed and DCX(+) cells are rare. (b) Toluidine blue staining of a longitudinal semithin (6µm) section from a 6-month OT demonstrates a central chain of darkened immature neurons surrounded by a matrix of lighter-colored astrocytes. (g) Electron microscopy also demonstrates clusters of type A cells (labeled 'a') enmeshed with type B cells within the OT core, including intercellular junctions (yellow arrows) between immature neurons characteristic of chain migration and (h) intermediate filaments (yellow arrowheads) within surrounding Type B cells (labeled 'b'). Scale bars = 500µm (c, d, f); 75µm (i, j, k); 10µm (b); and 0.5µm (g, h).](nihms318905f3){#F3}

![A medial migratory stream (MMS) of immature neurons branches from the proximal rostral migratory stream (RMS) in the infant human brain to supply the ventromedial prefrontal cortex (VMPFC)\
(a, b) Illustrations demonstrate the anatomical site of the RMS (blue) and MMS (red). F=Frontal lobe, T=Temporal lobe, LV=lateral ventricle, OB=olfactory bulb. (c) Using cross-sections of the proximal and distal RMS, quantifications of the total number of cells and total number of DCX(+) cells per cross section indicated a significant reduction from proximal to distal RMS. Asterisks indicate *p*\<0.05. (d) Coronal reconstruction of a 6-month specimen reveals a PSA-NCAM(+) medial migratory stream diverging from the RMS to reach the VMPFC. (e) Within this medial migratory stream, chains of PSA-NCAM(+) cells co-express (f) the immature neuronal marker DCX. (g, i, k) Dense clusters of PSA-NCAM(+), Calretinin(+), and Tyrosine Hydroxylase(+) cells are specifically observed within a subregion of the VMPFC, but not at adjacent cortical sites (h, j, l) superior or inferior to this subregion. Scale bars = 150µm (d), 20µm (e--l).](nihms318905f4){#F4}
